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S
tudies that have compared HbA1c levels by race have consistently found higher HbA1c levels in blacks than non-Hispanic whites (NHWs) (1) . Until recently, the observed differences in HbA1c by race were generally attributed to health disparities. In the late 2000s, differences in HbA1c were recognized to persist in black adults selected to have the same access to medical care as NHW adults (1) . Moreover, differences seem to persist despite adjustments for multiple glycemic and nonglycemic covariates, including measured socioeconomic variables (2) . In several clinical trials that recruited subjects based on glucose criteria, HbA1c levels were found to be higher in blacks than NHWs (3) (4) (5) . In the Diabetes Prevention Program (DPP), eligibility was based on both fasting plasma glucose of 95 to 125 mg/dL and 2-hour plasma glucose level of 140 to 199 mg/dL. Despite having comparable glucose levels, blacks had significantly higher HbA1c levels than NHWs (6.2 6 0.6% or 44 6 6.6 mmol/mol vs 5.8 6 0.4% or 40 6 4.4 mmol/mol, P , 0.0001) that persisted after adjusting for age, sex, body mass index (BMI), blood pressure, fasting glucose, glucose area under the curve during the oral glucose tolerance test, corrected insulin response, and insulin sensitivity (4) . These observations suggest that nonglycemic patient-level factors associated with race might independently affect HbA1c. So far, there have been limited investigations of genetics as potential factors explaining these HbA1c racial differences.
Some hemoglobinopathies such as sickle cell trait are more common in individuals from African ancestry. Hemoglobinopathies as well as erythrocyte disorders interfere with some HbA1c assays, yet these issues are of less concern with most modern assays (6) . To date, there are no definitive studies comparing genetic determinants of erythrocyte biology and their potential effect on HbA1c between blacks and NHWs.
A recent large, multiethnic, meta-analysis of genomewide association studies (GWASs) of 159,940 individuals from 82 cohorts (7) revealed 60 independent loci robustly associated with HbA1c (at genome-wide significance level), substantially adding to the number of loci identified in previous studies (8) (9) (10) . Among these 60 loci, 22 genetic variants were located near genes that likely influence erythrocyte biology, including a genetic variant near G6PD that is common in individuals of African descent but essentially monomorphic in individuals of European descent.
Principal component analysis (PCA) has been used to find evidence for substructure in genetic datasets and to determine if individuals in a dataset are drawn from a homogeneous population or from a population containing genetically distinct subgroups. The method can determine whether admixed populations have different proportional contributions from different ancestral populations or continents of origin, such as those coming from Africa, Europe, or the Americas.
In this study, we aimed to explain difference in HbA1c levels between black and NHW DPP participants using three types of genetic markers: (i) genetic variants known to cause hemoglobinopathies or erythrocyte disorders; (ii) genetic variants robustly associated with HbA1c discovered in the most recent multiethnic GWAS metaanalysis; and (iii) PCA factors derived from genetic variants distributed across the genome.
Materials and Methods

Description of participants
The DPP design and baseline characteristics of the study participants have been described in detail elsewhere (11, 12) . Each clinical center and the coordinating center-obtained institutional review board approval. The 2658 participants included in this report provided written informed consent for genetic investigations.
Measures
At baseline, trained research staff administered the 1990 US Census questionnaire to obtain self-reported information about race/ethnicity (13). Self-reported information was also obtained on demographics and medical history. Trained research staff measured anthropometry using standardized protocols and drew blood from all eligible participants at baseline (11) . Whole-blood samples were shipped on ice to a central biochemistry laboratory by overnight express mail within 24 hours of sample collection. HbA1c was measured by a dedicated ionexchange high-performance liquid chromatography instrument (Variant; BioRad, Hercules, CA) (14) . We used baseline HbA1c levels before implementation of the DPP interventions because the difference in HbA1c levels between racial/ethnic groups were apparent at baseline and to avoid treatment effects that might have differed between the racial/ethnic groups.
Genotyping
We extracted DNA from peripheral blood leukocytes. The genotypes included in this report came from three different waves of genotyping (using Sequenom iPLEX, Metabochip, and HumanCore Exome arrays). First, we selected genetic variants known to be associated with erythrocyte disorders including hemoglobinopathies, red cell membrane and enzymes disorders, and iron metabolism that are common [minor allele frequency (MAF) . 1%] in European and/or African descent populations. These genetic variants were genotyped by allele-specific primer extension of single-plex amplified products, with detection by matrix-assisted laser desorption ionization time-of-flight mass spectroscopy on a Sequenom iPLEX platform (genotyping success rate = 99.3%). Allele frequencies were in HardyWeinberg equilibrium (P . 0.05) in each ethnic group. The exception to this methodology was the genetic variant encoding for sickle cell trait (rs334), which was derived from imputation data based on our genome-wide arrays (described in the following section) because of incapacity of genotyping on Sequenom.
Most of the genotypes included in the genetic risk score (GRS) came from genotyping performed using the Metabochip (15) and imputed probabilities were transformed into "hard calls" using GTOOL (16) resulting in 9,276,901 SNPs with MAF .0.01 and info .0.882 (r 2 . 0.8). Five SNPs required for the GRS had been previously genotyped using oligonucleotide pool array for the Illumina BeadArray platform or were genotyped (as a rescue step) on Sequenom iPLEX described previously.
Statistical analyses
Continuous variables are presented as mean 6 SD and categorical variables as frequency (%). Baseline characteristics were compared among self-reported race/ethnicity groups with ANOVA tests for quantitative variables and x 2 tests for qualitative variables.
For genetic variants related to hemoglobinopathies and erythrocyte disorders, we used linear regression models assuming a genetic additive effect. We tested associations between each causal genetic variant and HbA1c levels in black and NHW DPP participants separately. Basic models were adjusted for age and sex; we further adjusted for adiposity (waist or BMI), fasting glucose, or first PCA factor in sensitivity models.
Using 60 independent loci associated with HbA1c levels that had reached genome-wide level of significance in the latest multiethnic GWAS meta-analysis (7), we constructed GRS using weighted effect alleles specific to the effect size and direction of effect discovered in individuals of European and African descent, respectively, resulting in two GRS (Eur-GRS and A-GRS). We built GRS assuming a genetic additive effect, and the regression models provided the association per additional (weighted) risk allele on HbA1c levels. We conducted analyses separately for black and NHW participants. Basic models were adjusted for age and sex. We conducted sensitivity analyses further adjusting for BMI (or waist) and fasting glucose.
Using genetic variants across the genome (from HumanCore Exome arrays and derived from 1000 Genomes imputation), we derived PCA factors using DPP participants from all ancestries. PCA factors are generated by a statistical procedure that uses a linear transformation to convert a set of observations of correlated genetic markers into a set of values of linearly uncorrelated variables regarded as continuous axes of variation reflecting genetic variation resulting from continental ancestry. The first PCA factor accounts for the most variation in genetic ancestry markers and describes the gradient between African and European ancestries. PCA factors account for populationspecific variation in alleles distributed on SNPs arising as a consequence of varying frequencies of alleles in genetically distant ancestries and highlights groups of individuals differing at the level of allele frequency, in summary, capturing genetic substructure admixture.
To investigate what proportion of the difference in HbA1c levels seen between blacks and NHWs could be explained by genetic markers, we analyzed linear regression models with selfreported ethnicity (black or NHW only) as primary exposure and HbA1c levels as the outcome (basic model and all subsequent models were adjusted for age and sex). We then included the sets of genetic markers one at a time and assessed what proportion of the difference in HbA1c between blacks and NHWs was explained by each set of genetic markers. All analyses were performed using SAS 9.3 (SAS Inc, Cary, NC), and all tests were two-sided with P , 0.05 set as the level of significance.
Results
We presented the baseline characteristics of DPP participants eligible for this study by race/ethnicity in Table 1 . Two-thirds of the DPP participants were women; they had a mean 6 SD age of 50.7 6 10.7 years. blacks were more likely to be women and were slightly All values are N (%) or mean 6 SD.
Eligibility based on self-report of race/ethnicity and consent to participate in genetic studies.
younger than NHWs ( Table 1) . As reported previously, blacks had a higher HbA1c (6.2 6 0.6% or 44 6 6.6 mmol/mol) compared with NHWs (5.8 6 0.4% or 40 6 4.4 mmol/mol; P , 0.001) at baseline, despite similar levels of fasting and 2-hour glucose (Table 1) .
Association of HbA1c levels with genetic variants known to cause hemoglobinopathies and erythrocytes disorders in black and NHW DPP participants We investigated 13 genetic variants known to cause hemoglobinopathies or erythrocyte disorders ( Table 2 ). In blacks the sickle cell trait variant (rs334; MAF = 6.5%) was associated with higher HbA1c [b (SE) = +0.44 (0.08)% or +4.8 (0.9) mmol/mol per risk allele; P = 2. ]. The G6PD variant was not associated with fasting glucose, and the association remained the same after adjustments for fasting glucose, BMI/waist, or first PCA factor. We also found that two variants known to influence fetal hemoglobin were nominally associated with lower HbA1c levels in blacks (rs4671393 in BCL11A and rs114398597 in HBS1L-MYB; Table 2 ).
In NHWs, the minor allele at rs16926246 [a common variant (MAF = 32%) in the hemoglobin gene (HBB) not associated with sickle cell trait] was nominally associated with lower HbA1c [b = 20.038 (0.016)% or 20.4 (0.2) mmol/mol per risk allele; P = 0.02]. The minor alleles at common variants in HBS1L-MYB (rs28384513 and rs9402686) known to influence fetal hemoglobin and at rs16926246 in HK1 were associated with lower HbA1c levels in NHWs (Table 2) . Associations with HbA1c remained the same with further adjustments for fasting glucose, BMI or waist circumference, and for first PCA factor.
Association of HbA1c levels with known HbA1c-associated common variants
We tested associations between GRS built on 60 SNPs shown to be robustly associated with HbA1c in a large multiethnic GWAS (7). In DPP participants, the mean A-GRS was greater in blacks (64.6 6 4.6) than in NHWs (60.4 6 4.5; P , 0.001; Table 1 ). In blacks HbA1c was higher for each additional risk allele included in the A-GRS (age-and sex-adjusted b = 0.017, SE = 0.006%-unit of HbA1c per risk allele; P = 0.003); this association remained about the same when adjusted for fasting glucose and was slightly stronger when adjusted for adiposity (17) . The mean Eur-GRS was slightly greater in blacks (62.4 6 4.5) than in NHWs (61.7 6 4.8; Table 1 ). In NHWs, HbA1c was higher for each additional risk allele included in the Eur-GRS (age-and sex-adjusted b = 0.017, SE = 0.002%-unit of HbA1c per risk allele; P = 1.4 3 10 212 ). This association remained similar when adjusted for adiposity and fasting glucose (17) .
Genetically-derived PCA factors and HbA1c levels
The first 10 PCA factors explained 10.3% of the variance (R 2 ) in HbA1c in DPP participants (all ethnicities as in Table 1 ). As expected from prior studies of mixed populations, the first PCA factor described the contrast between participants of self-reported European or African descent, illustrating the degree of African ancestry (Fig. 1) . The first PCA factor was associated with HbA1c levels in the overall group of DPP participants comprising all ethnicities (R 2 = 9.79%; P , 0.0001), as well as in race-stratified analyses in black (R 2 = 0.74%; P = 0.047) and in Hispanic (R 2 = 7.90%; P , 0.001) but not in white participants (R 2 = 0.02%; P = 0.59). (Table 3) In age-and sex-adjusted models, self-identification as being black compared with NHW predicted higher HbA1c levels [b (SE)= +0.41 (0.02)% or +4.5 (0.2) mmol/mol for being black P = 4.4 3 10
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]. Adding sickle cell trait variant rs334 in the model reduced the effect size of self-reported black race as a determinant of higher HbA1c and explained about 16% of the difference, but being black still predicted having higher HbA1c levels [b (SE)= +0.35 (0.04)% or +3.8 (0.4) mmol/mol; P = 5.9 3 10 240 ]. Including all eight hemoglobinopathy variants found to be associated with HbA1c in black or NHW DPP participants (Table 2) in the model did not explain the difference between the two groups. Including ethnic-specific GRS based on all 60 HbA1c-associated SNPs attenuated the effect of being black on HbA1c and explained about 14% of the difference between the two groups, but being black still predicted higher HbA1c levels by 0.36 (0.03)% [or 3.9 (0.3) mmol/mol] (Table 3) . Finally, we added the first PCA factor and found that it accounted for about 60% of the difference in HbA1c found between blacks and NHWs, such that the difference was no longer statistically significant [b (SE)= +0.17 (0.10)% or +1.9 (1.1) mmol/mol for being black; P = 0.09]. The components of this PCA factor therefore accounted for an important proportion of the blackassociated effect on HbA1c.
Discussion
In this analysis of a racially and ethnically diverse population of DPP participants with HbA1c and genetic markers measured at baseline, we observed that the 537 black participants had approximately 0.4%-unit (or 4.4 mmol/mol) higher HbA1c levels than the 1476 NHW participants, despite entering DPP with similar levels of glycemia (18) . In our attempt to explain this ethnic difference by different genetic markers, we found that a large proportion of the difference in HbA1c between black and NHW participants is accounted by the first PCA factor of genetic ancestry derived from common variants across the genome, confirming, by genetic estimation of ancestry, an association based on selfreported race/ethnicity. In contrast, relatively smaller proportions of the difference in HbA1c levels between blacks and NHWs were explained by known genetic variants leading to hemoglobinopathies/erythrocytes disorders or by the 60 HbA1c-associated variants that had reached genome-wide level significance in the most recent multiethnic GWAS meta-analyses, including those that are more common in individuals of African descent. Previous studies have been unable to explain the racial difference in HbA1c levels based on demographic, socioeconomic, health care access, and/or biologic factors (1, (3) (4) (5) . As shown in a previous report from the DPP, this difference in HbA1c persisted even after adjusting for fasting glucose and multiple other glycemic markers such as glucose area under the curve, corrected insulin response, and insulin sensitivity (4). Based on National Health and Nutrition Examination Survey data, the difference in HbA1c between blacks and NHWs is apparent early in life (as young as 5 years of age), which supports a possible underlying genetic explanation (19) . We found that the first genomic PCA factor explained a significant proportion of HbA1c variance (almost 10%) in DPP participants, but a fairly small proportion of the HbA1c variance among blacks alone (R 2 , 1%). The latter proportion is similar to the 0.5% of explained variance reported by Maruthur et al. (20) using 1350 genetic ancestry-informative markers capturing the proportion of European ancestry. Maruthur et al. (20) concluded that ancestry markers were unlikely to explain the difference in HbA1c between blacks and NHWs, but the hypothesis was not formally tested because only blacks were included in their report. Meigs et al. (21) used 62 ancestry-informative markers from genetic variants discriminating the proportion of West African, European, and Native American ancestry and found that 100% African ancestry was associated with 0.27% (or 3.0 mmol/mol) higher HbA1c levels compared with 100% European ancestry, a difference that persisted after adjustment for age, sex, BMI, and socioeconomic status. However, they did not report whether these 62 ancestryinformative markers explained the difference in HbA1c between self-reported race/ethnicities.
Our finding that the first PCA factor derived from genetic markers across the genome, and not the other targeted genetic variants that we investigated, accounts for the higher HbA1c in black compared with NHW DPP participants has several possible explanations. First, there may be additional genetic markers influencing HbA1c that are specific and/or more common in individuals of African descent that are not yet identified (and thus not included in the 60 SNPs included in the tested GRS). Indeed, the large multiethnic GWAS meta-analysis from which we derived the HbA1c GRS identified only two loci that were specific to individuals of African descent. Many of the 60 identified loci were driven by the large sample of individuals of European descent included in the meta-analysis (7).
On the other hand, the relatively large proportion of the difference in HbA1c levels between blacks and NHWs explained by inclusion of the first PCA factor in the model may simply be due to the first PCA capturing African ancestry and the self-identification as black.
Including it in the model may be equivalent to selfreported black ethnicity or simply reflect other nongenetic factors associated with being black. We formally tested and did not find collinearity in our models that included PCA and self-reported race and are confident that our findings are not driven by simple collinearity. Yet, nongenetic factors could confound our findings, as illustrated by previous genetic association studies (22, 23) . For example, in a type 2 diabetes genetic association study in an American Indian population in Arizona, a Gm haplotype was strongly and inversely associated with type 2 diabetes (23). The association of HbA1c with PCA factors that distinguish blacks from NHWs in the current study confirms an association with race/ethnicity, but does not indicate the cause of that association (i.e., the extent to which it is genetic, environmental, behavioral, or socioeconomic). However, multiple previous rigorous efforts to identify nongenetic factors to explain racial difference in HbA1c have not been fruitful.
Other investigators in the field have proposed that the difference in HbA1c between blacks and NHWs may be due to genetic variants that affect hemoglobin or erythrocyte function, given that the variants affecting erythrocyte biology are enriched in individuals of African descent (due in part to selective pressure to resist malaria). (Table 3) .
Strength and limitations
Strengths of our study include the diverse ethnic/racial composition of the DPP, recruited to represent the US population of individuals at higher risk of developing diabetes, and including a large number of blacks. All participants were well phenotyped using standardized protocols and central laboratories. Genetic variants were measured based on direct genotyping, microarrays, and genome imputation using the highest standards. One limitation of our study is that power was limited for some analyses given the low frequency of specific variants, primarily those selected to assess erythrocyte biology. Also, we assume similar glucose levels in blacks and NHWs based on oral glucose tolerance test at one point in time, yet HbA1c reflects the previous 3 months of glycemic exposure.
Conclusions
A substantial proportion (about 60%) of the difference in HbA1c between black and NHW DPP participants with the same level of glycemia is explained by the first genomic PCA factor capturing the degree of African ancestry. Our ability to explain a large proportion of this difference with the first PCA factor in contrast to a relatively small proportion with 60 genetic variants known to be robustly associated with HbA1c suggests that more genetic variants influencing HbA1c in individuals of African descent and possible nongenetic factors remain to be discovered. Although the recent GWAS meta-analysis investigating the genetics of HbA1c included 7564 individuals of African descent, it revealed only two variants specific to that population. To reveal additional genetic determinants of HbA1c, future studies need larger samples size to investigate both rare and common variants across whole genome.
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